Purpose: Bone grafting in opening wedge high tibial osteotomy (OWHTO) is still controversial. The purpose of this study is to compare the radiological outcomes of OWHTO with bone graft (autogenous, allogenous, and synthetic bone graft) and those without bone graft. Materials and Methods: PubMed, MEDLINE, EMBASE and Cochrane Register of Studies databases were searched using specific inclusion and exclusion criteria for radiological studies involving OWHTO with bone graft and without bone graft groups. All reported delayed union, nonunion and correction loss were analyzed. Data were searched from the time period of January 2000 through July 2014. In addition, a modified Coleman methodology score (CMS) system was used to assess the methodological quality of the included studies. Results: Twenty-five studies with a mean CMS value of 77 (range, 61 to 85 score) were included. In total, 1,841 patients underwent OWHTO using 4 different procedures for bone graft: autobone graft (n=352), allobone graft (n=547), synthetic bone graft (n=541) and no bone graft (n=401). There was a similar tendency for delayed union, nonunion and correction loss rate among the osteotomy space filling methods.
Introduction
Opening wedge high tibial osteotomy (OWHTO) with medial plate fixation is a proven adequate and safe method for treatment of medial compartment osteoarthritis of the knee and varus deformity, particularly in young and/or active individuals 1, 2) .
Advantages of OWHTO, compared to closed wedge osteotomy, include preservation of bone stock, predictable and adjustable correction, relatively easy exposure with avoidance of proximal tibio-fibular joint disruption, fibular nerve palsy, and compartment syndrome 3) . However, OWHTO creates a gap in the metaphysis of the tibia. To enhance bone healing and increase initial mechanical stability, a high degree OWHTO may require the application of bone graft/substitute to fill the osteotomy gap. Moreover, OWHTO has been associated with risk of nonunion, collapse and loss of correction 4) . Autologous bone graft is the "gold standard" to fill the bone defect, but iliac crest graft harvest has risks. The associated complications include pain, thigh hypoesthesia, infection, pelvic bone fracture and discomfort wearing clothes 5, 6) . Allograft to avoid donor side morbidity was successfully applied in HTO 7) . However, the use of allograft increases additional risks such as disease transmission, immunologic reactions and slow remodeling. , and Kyung Wook Nha, MD Due to the limited autologous bone availability and the problem of donor-site morbidity, many efforts have been made to find adequate supporting material for augmentation after osteotomy. Hydroxyapatite, β-tricalcium phosphate or the combination of both are the most commonly used synthetic augments in OWH-TO. In the meantime, some recent studies presented good shortterm results of OWHTO without additional bone substitutes for filling the osteotomy gap 8, 9) . Still, the most suitable material for filling the opening space in OWHTO has not been identified.
Over the past decade, there has been only one randomized controlled study on the comparison of autologous bone grafting and no filling method, which reported similar outcomes between the two methods 10) . Although randomized controlled trials (RCTs) are considered to offer the ideal and highest level of evidence for patient care, numerous "good" surgical practices have evolved into the "standard of care" without being randomized against placebo or ineffective treatment options 11) , which probably explains why only one RCT has been published. Considering that observational studies constitute the best available evidence 12) , we attempted to conduct a meta-analysis of observational studies for the purpose of providing surgeons with informed data for better decision-making in OWHTO. The purpose of this study was to compare the radiological outcomes of OWHTO with bone graft (autogenous graft, allogenous graft, and synthetic bone) and those without bone graft. The hypotheses were that the use of bone graft would produce superior radiological outcomes.
Materials and Methods

Eligibility Criteria
Published studies were included in this meta-analysis if they met the eligibility criteria described in Table 1 . Patients included in this study were limited to osteoarthritis patients. There was no limitation in the age of patients. Fixation method was limited to plate fixation using either a locking or a non-locking plate.
Data Sources and Search Strategy
A literature search of online databases (MEDLINE, EMBASE and Cochrane Register of Studies) was performed. The search strategy used in the case of MEDLINE is presented in Table 2 , which was modified for each of the other databases (Table 2) .
Next, the references from the included studies were screened, and experts in the field were contacted for help in identifying additional studies. Two independent review authors (Han and Song) selected citations each based on the titles and abstracts. The eligibility of the full papers of those citations initially thought to fulfill the inclusion criteria was then assessed. In cases where a consensus could not be reached, a third review author (Nha) was consulted. 
Data Abstraction
A standardized form was used to extract data from the included papers on study characteristics, patient characteristics, surgical intervention, duration of follow-up, osteotomy size, postoperative rehabilitation protocol, radiological bone union period, nonunion rate, delayed union rate, correction loss rate and graftrelated problems. The extracted data were then cross-checked for accuracy. Disagreements were settled by the Nha.
Statistical Analysis
Statistical analysis was performed using STATA/MP ver. 13.0 (Stata Corp., College Station, TX, USA). Effect sizes for dichotomous data (incidence of nonunion, delayed union, and loss of correction) were calculated using random-effect models and expressed as event rates. The mean values of the continuous data (the mean bone union period; the mean difference in bone union period) were compared using a t-test. For each effect size, a 95% confidence interval was given. Heterogeneity was calculated according to the method of Higgins et al. 13) and expressed as I 2 (range, 0% [complete consistency] to 100% [complete inconsistency]). Analysis of comparative studies and level IV case series analysis were performed separately. Case series analysis was performed to investigate whether the case series support the results of the one RCT and four comparative studies.
Quality Assessment
The methodological quality of the included studies was assessed by the two review authors (Han and Song) using the 10 critical appraisal criteria of the Coleman methodology score (CMS) ( Table 3 ). The final scores ranged from 0 to 100, with a perfect score (100) indicating a study design that completely avoids the influences of chances, various biases, and confounding factors.
Included Studies
Based on the full-text review, the final meta-analysis included 25 studies on OWHTO. A flowchart illustrating the study selection process is depicted in Fig. 1 14) . The included studies are listed in Table 4 . Twenty case series, one RCT and four comparative studies were included in the meta-analysis.
Results
Quality Assessment
The modified CMS value for individual study is presented in Table 3 . The mean modified CMS value for all included studies was 77 (range, 61 to 85 score). The mean CMS value for each criterion is shown in Table 5 .
Radiological Outcomes
The overall results are shown in Table 6 .
Records excluded (n=3,089) Only three studies with no-filling method, one study with allogenous graft and one study with synthetic graft presented mean radiological bone union periods and statistical deviations, rendering any statistical analysis meaningless. The radiological outcomes and radiological bone union periods are described in Table 7 and plotted in Fig. 2 . Note that allogenous graft groups required a longer period for union.
2) Nonunion and delayed union. Table 6 lists all papers that were included in this meta-analysis. Kolb et al. 20) defined delayed union as prolonged osteotomy healing of more than four months, and defined nonunion as no evidence of healing six months after osteotomy. Shim et al. 22) defined delayed union as the lack of bridging callus and the presence of radiolucent areas within the opening wedge defect more than three months after surgery, and nonunion as no evidence of Table 8 . There was a similar tendency for nonunion and delayed union rates among studies classified according to the filler type. The nonunion and delayed union rates were also analyzed according to the type of fixation. Table 9 shows nonunion and delayed union rates assessed according to the fixation type. There was also a similar tendency for nonunion and delayed union rates among studies classified according to the fixation type. No series were reported on OWHTO using an 29) also reported one case of correction loss associated with screw breakage. Tables 9 and 10 list the incidence and rate of loss of correction. There was a similar tendency for the correction loss rate when compared according to the filler type and fixation method.
Comparative Studies
Only one randomized prospective study was identified. Zorzi et al. 10) reported there was no significant difference in bone union period based on the review of a two-year comparison of 23 cases of OWHTO using autografts and another 23 cases of OWHTO without filling. As for comparative studies, there were four. Pornarattanamaneewong et al. 33) reported that there were 18) 135 (49) El-Assal et al. 19) 90 (15) Kolb et al. 20) 90 (14) Auto Shim et al. 22) 90
Noyes et al. 24) 90 Allo Yacobucci and Cocking 7) 120 (28) Haviv et al. 25) 180 Santic et al. 26) 168 Synthetic Koshino et al. 31) 96 (7) Hernigou and Ma 32) 90 SD: standard deviation, No: no filling, Auto: autogenous bone graft, Allo: allogenous bone graft, Synthetic: synthetic material filling.
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no significant differences of bone union period between their groups. Kuremsky et al. 35) found that there was a 6-fold higher failure rate for the allograft group compared with the autograft group. Gouin et al. 36) , comparing an autologous bone graft group with a synthetic-material graft (BMCaPh) group, determined that correction loss was more frequent in the latter group (5% vs. 27%). Specifically, the presence of lateral cortical hinge tears significantly increased the risk of correction loss in the BMCaPh group. These results indicated that the synthetic material was less tolerant to high mechanical stress, and that radiological union occurred significantly later in the BMCaPh group than in the autologous bone graft group. Jung et al. 34) defined loss of correction as less than 0 degrees of mechanical tibiofemoral angle at Koshino et al. 31) Yacobucci and Cocking 7) Santic et al. 26) Haviv et al. 25) Shim et al. 22) Noyes et al. 24) Kolb et al. 20) El-Assal et al. 19) Brosset et al. 2/52 0.038 2/52 0.04
El-Azab et al. 17) 0/50 0.010 3/50 0.06
Brosset et al. 18) 0/51 0.008 2/51 0.04
El-Assal et al. 19) 0/59 0.020 0/59 0.01
Kolb et al. the latest follow-up in the absence of an initial under-correction. The rate of correction loss or varus recurrence was higher in the group receiving the Asecula plate (B. Braun Korea, Seoul, South Korea) with the β-tricalcium phosphate wedge. The outcomes of all of the comparative studies are documented in Table 11 . There was no significant difference in bone union period between the autogenous graft groups and no filling groups (Fig. 3) .
Starting Point of Weight-Bearing
All twenty studies included in this meta-analysis reported on the starting point of weight-bearing (Table 6 ). There was a tendency of delayed onset of weight-bearing in patients with allograft. Jung et al. 34) permitted full weight-bearing walking one month after surgery to their allograft patients. Pornrattanamaneewong et al. 33) allowed full weight-bearing walking at the same time point for both groups (tricortical iliac crest autologous bone graft group and no filling group), and Zorzi et al. 10) allowed partial weight-bearing walking at the same time point for both groups (cancellous iliac crest autologous bone graft group and no filling group); it must be noted, however, that the time point was not the endpoint of full weight-bearing walking but rather was the starting point of their rehabilitation protocol.
Bone Graft-Related Problem
Pornarattanamaneewong et al. 33) and Kuremsky et al. 35) described the graft harvest site as the source of pain that prolonged patient recovery time. Chae et al. 5) also reported the graft harvest site as the source of pain for patients in the early postoperative period especially during trunk flexion. In addition, three of their patients underwent linear fracture of the iliac bone, which was treated conservatively. Schroter et al. 23) reported that six patients suffered from hyperaesthesia or dysaesthesia at the iliac crest. Gouin et al. 36) , Koshino et al. 31) and Ozalay et al. 30) all reported 
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poor incorporation of substitute material.
Discussion
In this meta-analysis, the RCT was found to have demonstrated similar bone union period, union rate and correction loss rate between the patients with autogenous bone graft and those without filling. One comparative study presented similar bone union period and union and delayed union rates between the autogenous graft group and the no filling group. Another comparative study showed similar union and delayed union rates between allogenous bone graft group and the synthetic material group. One comparative study reported the autogenous bone graft group showed shorter bone union period and lower correction rate compared to the synthetic material group. In analyzing the case series, there was a similar tendency for nonunion, delayed union or correction loss rates among the groups classified according to the filler type. The bone union period showed a tendency to increase in the allogenous bone graft groups. The results of case series showed a similar tendency for union and delayed union rates among groups classified according to the graft type but a different was noted with regard to the correction loss rate.
The surgical techniques for opening wedge HTO underwent many modifications with regard to augmentation with bone grafts or bone substitutes. In general, autogenous bone graft is considered as the most successful bone filling material, owing to its osteoconductive, osteoinductive and osteogenic properties. Nevertheless, autograft harvesting involves increased operative time as well as donor-site morbidity (hyper-or dysaesthesia, pain source and iliac crest fracture) 24) . Aryee et al. 37) suggested that iliac bone graft should be used only in high-risk patients (obese, smoker or opening gap larger than 10 mm). The use of bone allograft provides only an osteoconductive benefit, though, thanks to its availability without the need for additional surgical access, potential complications associated with the harvesting procedure of autogenous bone graft can be avoided 26) . However, allografts entail the risk of virus transfer 38) . Synthetic materials provide the osteoconductive benefit along with initial support; however several disadvantages such as soft-tissue irritation and infection have been reported 39) . van Hemert et al. 40) reported synthetic bone augmentation does not aid much in primary stability and is not intended for load-bearing. Furthermore, it must be used in a mechanically stable environment; otherwise, it cannot remodel into bone and shows slow incorporation into bone 40) . Seven studies in this meta-analysis noted the disadvantages of autogenous grafts and synthetic materials. There were no studies reporting any disadvantages of allografts.
The recent trend of leaving the osteotomy with no graft is supported by some authors 3, 41) . Zorzi et al. 10) included in this metaanalysis reported that there was no significant difference in the time to bone healing between patients that had an autologous bone graft and those that did not. They suggested that bone grafts could be reserved for special situations such as larger corrections and patients with conditions that impair bone healing. In the study, the no filling group also obtained satisfactory results and showed no differences compared with the other groups. Pornrattanamaneewong et al. 33) included in this meta-analysis reported that a significantly higher percentage of osteotomies with medial defects was found in the no bone graft group and all defects remained until the time of the 2-year follow-up. Recent studies attributed such medial defects in OWHTO to low interfragmentary movement and tissue strain underneath the locking plate. They suggested that the use of dynamic locking screws in combination with early full load-bearing would increase the interfragmentary movement and tissue strain and potentially induce good bone healing underneath the plate 42) . El-Assal et al. 19) performed OWHTO without bone graft for the opening size of 14 mm in 9 cases, and the outcome was good. Kolb et al. 20) also performed OWHTO (up to 14 mm) and obtained favorable results. These two studies support the contention that OWHTO gaps of up to 14 mm in size can be healed without graft. Staubli et al. 2) reported that the cases with opening sizes less than 15 mm did not have filling defects and showed good results overall. When an osteotomy size is smaller than 14 mm and rigid fixation and locking system are acquired, "no filling" of the osteotomy space can be a good option for OWHTO. OWHTO without bone graft is certainly very attractive particularly because it is effective for reducing the length of surgery as well as patient morbidity.
The bone-healing process is complex and requires ideal biological and mechanical environments and factors. Kuremsky et al. 35) included in this meta-analysis reported that lateral cortex fracture and opening size play a major role in bone union and construct failure. With higher varus angles, stability is largely dependent on the intact lateral hinge, which, if lost, would lead to the loss of resistance to axial compression forces and, thereby, loss of correction. Stability plays a major role in this regard: the mechanical factors are functions of osteotomy stability, which depends on the osteotomy size, intact lateral cortex and rigid internal fixation 43, 44) . Miller et al. 45) detected a 58% reduction in axial stiffness and a 68% reduction in torsional stiffness in the case of lateral tibial cortex disruption. In case of lateral cortex fracture, there is instability resulting from the insufficient primary stability provided by non-angular stable wedge plates 46) . Spahn et al. 47) suggested that high body mass index (BMI) after weight-bearing could be the cause of correction loss. van Houten et al. 48) noted that the use of tobacco was a major risk factor for development of nonunion in patients undergoing OWHTO. Rigid fixation, opening size and the presence/absence of lateral cortex fracture all affect bone union and maintenance of correction. In cases where there is a possibility of either correction loss or nonunion caused by lateral cortex fracture or large opening size, smoking or high BMI with non-rigid fixation, additional autologous bone graft is a better choice, with all due caution, to prevent harvest-site morbidity.
Limitations
There are several limitations to the present analysis. First, most of the reviewed studies were level IV case series; only one RCT and four comparative studies were found on the topic of OWHTO. Thus, the level IV study results could not be directly compared, which may affect the reliability of the analysis results.
Second, although the number of reviewed studies was large, the study designs were different: there were one RCT, four non-randomized trial studies and twenty uncontrolled trial studies. If the results are arranged according to the study design, the number of studies per one result analysis becomes less than 6 at the most. On the assessment of publication bias, the power of the test of a meta-analysis based on the review of less than 10 studies is too low to derive definitive conclusions. In such a case, assessment for publication bias is not appropriate according to Cochrane handbook 49) . Accordingly, publication bias could not be assessed for our analysis.
Third, there were no precise common definitions of radiological
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union, non-union, delayed union and loss of correction. Rather, these outcomes were assessed by the authors' own subjective methods. Fourth, there were not sufficient studies on OWHTO without bone graft. Finally, we did not include age, varus deformity angle and bone marrow density severity into the inclusion criteria. These might have affected patient selection bias.
Conclusions
This meta-analysis evaluated the effects of four established methods of augmentation for osteotomy defect in OWHTO. According to the published studies, all of the methods (autogenous bone grafting, allogenous bone grafting, synthetic material filling and no filling) appear to be appropriate operative treatment options for osteotomy defect in OWHTO.
